ABSTRACT In contrast to other available next-generation sequencing platforms, PacBio single-molecule, real-time (SMRT) sequencing has the advantage of generating long reads albeit with a relatively higher error rate in unprocessed data. Using this platform, we longitudinally sampled and sequenced the hepatitis C virus (HCV) envelope genome region (1,680 nucleotides [nt]) from individuals belonging to a cluster of sexually transmitted cases. All five subjects were coinfected with HIV-1 and a closely related strain of HCV genotype 4d. In total, 50 samples were analyzed by using SMRT sequencing. By using 7 passes of circular consensus sequencing, the error rate was reduced to 0.37%, and the median number of sequences was 612 per sample. A further reduction of insertions was achieved by alignment against a sample-specific reference sequence. However, in vitro recombination during PCR amplification could not be excluded. Phylogenetic analysis supported close relationships among HCV sequences from the four male subjects and subsequent transmission from one subject to his female partner. Transmission was characterized by a strong genetic bottleneck. Viral genetic diversity was low during acute infection and increased upon progression to chronicity but subsequently fluctuated during chronic infection, caused by the alternate detection of distinct coexisting lineages. SMRT sequencing combines long reads with sufficient depth for many phylogenetic analyses and can therefore provide insights into within-host HCV evolutionary dynamics without the need for haplotype reconstruction using statistical algorithms.
neck as well as fluctuations in viral genetic diversity over time, accompanied by dynamic shifts in viral subpopulations.
KEYWORDS evolutionary dynamics, genetic diversity, next-generation sequencing, phylogenetic analysis, hepatitis C virus P hylogenetic analysis plays a central role in the molecular epidemiology of rapidly evolving RNA viruses such as HIV, hepatitis C virus (HCV), and influenza A viruses (1-3) and requires sequencing methods that can accurately capture the genetic diversity of RNA virus genomes. Previous studies relied heavily on Sanger-based sequencing, which is still widely used today (4) . This first-generation sequencing technology is comparatively labor-intensive and costly and provides a relatively low number of sequences.
Advances in high-throughput sequencing technologies during the last decade have substantially increased the number of pathogen gene and genome sequences available. In particular, for rapidly evolving RNA viruses, next-generation sequencing (NGS) technologies offer new and more detailed insights into the highly heterogeneous nature of viral populations (5) . For instance, NGS technologies have been used to investigate the coreceptor usage of HIV (6) and transmission bottlenecks in HCV infection (7) . Viral genome sequencing by NGS has been dominated by the 454 sequencing and Illumina technologies. One disadvantage of these technologies, in comparison to first-generation Sanger sequencing, is the short sequence lengths obtained and the higher sequencing error rate. The generally accepted error rate for these NGS technologies is 1%, and sequence lengths are up to 300 nucleotides (nt) for Illumina (8) and 700 nt for 454 sequencing (9) . It is difficult to reconstruct virus phylogenetic relationships from short sequences because they lack complete information about the genetic linkage of polymorphic sites, which reduces the statistical power of many methods for inferring evolutionary processes from genetic data. High error rates, which vary among different NGS platforms, may lead to biases in estimates of evolutionary parameters because true biological variation cannot always be easily distinguished from sequencing errors (10) .
Bioinformatics algorithms can identify and correct for NGS errors to a certain extent, and it is common for some form of data preprocessing to be applied for error reduction prior to analysis (11) . Longer sequences can be estimated by clustering short overlapping reads into haplotypes (12) . However, haplotype reconstruction from genetically diverse short read sequences is a difficult statistical problem, is sensitive to falsepositive results, and may fail to reconstruct minor viral variants, which are especially abundant in large and heterogeneous virus populations (13, 14) .
PacBio single-molecule, real-time (SMRT) sequencing, which records the incorporation of nucleotides into a single DNA template molecule by an immobilized DNA polymerase, offers an alternative to other NGS technologies due to its long read length, with a mean of 2 to 3 kb (15, 16) . However, the throughput of SMRT sequencing is lower than those of other NGS platforms, and the error rate of raw, unprocessed sequences has been reported to be 11% to 14% (17) (18) (19) . Read accuracy can be improved greatly by circular consensus sequencing (CCS), in which the DNA template is circularized, allowing multiple sequencing passes and resulting in multiple reads for a single template (18) . A consensus sequence can be generated from these multiple reads, which eliminates most of the sequencing errors, since they are randomly distributed along the read sequence (17) .
Although the combination of long reads and a reduction of the error rate by using CCS has great potential for studies addressing the variation of highly heterogeneous RNA genomes, very few studies utilizing SMRT sequencing for this purpose have been reported since its commercial release in 2011 (20) (21) (22) (23) . Here, we present an analysis of HCV full-length envelope (E1E2) gene sequences from clinical longitudinal samples obtained with SMRT sequencing and CCS. We investigated the variability of the HCV envelope gene through time, from acute infection to chronicity, in four men and the female partner of one of the subjects, all of whom acquired HCV through sexual transmission. All subjects were infected with a genetically closely related genotype 4d strain and were coinfected with HIV-1 (24) . This study provides a unique opportunity to study the diversification of HCV in individuals as they progress from early acute infection to more than a decade of chronic infection.
RESULTS
Subject and sample characteristics. The study subjects included four men who have sex with men (MSM) and one female, all of whom were infected with HIV-1 prior to acquiring infection with HCV subtype 4d ( Table 1 ). The ages of the subjects ranged from 49 to 61 years. All subjects had documented acute HCV infection, as the duration between the last RNA-negative (RNA Ϫ ) sample and the first RNA-positive (RNA ϩ ) sample was Ͻ7 months for each. In addition, subjects 004, 037, and 061 seroconverted within the period of HCV acquisition or after having tested positive for HCV RNA, indicating that these infections were primary infections. The seroconversion date for subject 147 was unknown; however, this subject's anti-HCV test result was negative at the date of the first HCV RNA-positive test. For subject 053, the seroconversion interval was almost 5 years, as a more recent sample to determine the last negative anti-HCV status was not tested. Estimated infection dates, calculated as the midpoint between the last RNA Ϫ sample and the first RNA ϩ test, were between 2001 and 2002 for the four male subjects and was earliest for subject 053, followed by subjects 061 and 037 and finally by subject 004. The men developed chronic HCV infection and had a follow-up period ranging from 7 to 11 years. Subjects 053 and 061 received treatment during chronic infection with pegylated interferon and ribavirin; subject 053 cleared the infection after 48 weeks of treatment, while subject 061 was a nonresponder and discontinued treatment after 28 weeks. Subject 147 is the female partner of subject 004 and was diagnosed with acute HCV infection in 2013; she cleared the infection within 6 months following treatment with pegylated interferon and ribavirin.
A total of 63 stored serum samples, collected between 2001 and 2014, were selected from these five subjects. PCR amplification of the envelope gene was not successful for 13 samples. For the remaining 50 samples, a fragment of 1,680 nt spanning the full-length HCV envelope was analyzed by using SMRT sequencing (see Materials and Methods).
Sequencing error rate and sequencing depth. The error rate of the SMRT sequencing process was averaged over the four control plasmids that were processed in parallel with the subjects' samples. Error rates were calculated for each full CCS pass (passes 1 to 7) (Fig. 1A) . One full pass is defined as the completion of sequencing of at least one DNA template strand, and two full passes is defined as the sequencing of at least one round of the double-stranded template. As expected, sequencing errors were efficiently reduced with each increase in the number of full CCS passes. With Ն1 full CCS pass, the mean error rate was 1.57% (standard deviation [SD] ϭ 0.016%). This value was decreased 5-fold to 0.37% (SD ϭ 0.023%) at Ն7 full CCS passes, with insertions being the main mode of error (0.24%; SD ϭ 0.036%), followed by deletions (0.11%; (Fig. 1B) . Because further increases in the number of full passes would not lead to a significant reduction of the error rate (Fig. 1A) , subsequent analyses were undertaken on the CCS reads from full pass 7.
Insertions were randomly distributed across the sequence. The insertion rate after 7 full CCS passes was 0.24%, which resulted in ϳ4 insertions per read within the 1,680-nt-long sequences being generated. These insertions caused numerous frameshifts and stop codon errors in the open reading frame but were easily identified and removed by the bioinformatics pipeline (see Materials and Methods). After the removal of insertions, the proportions of gaps and stop codons in the amino acid alignment were 0.31% (SD ϭ 0.068%) and 0.006% (SD ϭ 0.0036%), respectively. The majority of these were found in hypervariable region 1 (HVR1).
Among-host phylogenies of the five subjects. The phylogenetic relationships among the virus sequences obtained from the five subjects were evaluated by using a neighbor-joining (NJ) phylogeny reconstructed from a random selection of 100 reads per sample (Fig. 2) . The results were consistent with prior expectations, as each of the four males were infected with genetically closely related viruses, and the virus population in each subject diverged from its common ancestor over the course of chronic infection (24) . The CCS reads clustered by subject; however, reads from only subjects 147 and 037 formed monophyletic clusters. Reads from subject 004 were nonmonophyletic with respect to those from subject 147, indicating direct (or indirect, via an unsampled individual) transmission of HCV from the former to the latter (Fig. 2) . Reads from subject 037 formed a monophyletic ingroup within the diversity of reads from subjects 061 and 053, suggesting direct or indirect transmission to the former from one of the latter subjects (Fig. 2) . Reads from subjects 061 and 053 were intermingled, and therefore, the direction of transmission between these two subjects (directly or via one or more unsampled individuals) cannot be resolved.
Within-host phylogenies of each subject. Figure 3 shows the within-host NJ phylogeny of subject 061, using all CCS reads for this subject obtained across 18 time points. NJ trees for the four other subjects are presented in Fig. 4A to D. Interestingly, in all five subjects, the viral populations at the first RNA ϩ time point were genetically homogeneous and exhibited a star-like phylogeny (Fig. 5) , consistent with rapid viral population growth from a single successfully transmitted virion (7, (25) (26) (27) . In general, progression toward chronicity was characterized by the replacement of lineages at early time points by new variants, such that after 2 to 3 years, the former could no longer be detected. Furthermore, chronic infection was characterized by a temporary cocirculation of multiple different viral lineages. Such lineages may remain undetected for a few time points only to reemerge at later time points (28) (29) (30) (31) (32) (33) . This complex dynamic of reemerging lineages is represented by the presence of long internal branches and was seen especially at the later time points for subjects 004, 037, and 061 ( Fig. 4A and B and 3, respectively).
The viral population of nonresponder subject 061 around the time of anti-HCV treatment is of particular interest. At the start of treatment (time point 2009.07), at least six distinct lineages were present. After 2 months of treatment (time point 2009.25), a new lineage replaced the population, and in the proceeding months, more lineages emerged that were not observed previously. Since HCV RNA was still detectable after 6 months, treatment was discontinued, resulting in the restoration of pretreatment lineages (time point 2008.95). These lineages coexisted with those lineages that emerged during treatment for the remaining time points (Fig. 3) . In contrast to subject 061, subject 053 successfully cleared the virus with anti-HCV treatment, and his population at later time points showed less diversification, indicated by shorter internal branch lengths. Furthermore, only one lineage was detected per time point (Fig. 4C) .
Genetic diversity during infection. The pairwise genetic distances between the CCS reads at each time point were used to measure the genetic diversity of the within-subject HCV population over time ( Fig. 6A to E) . HCV genetic diversity varied among subjects and fluctuated among time points within subjects. The median genetic diversity per time point for HCV from subject 053 ranged from 0.00067 to 0.0035 substitutions per site. In contrast, HCV from subject 061 (treatment nonresponder) had high median genetic diversity values, ranging from 0.00069 to 0.014 substitutions per site, and that from subject 004 had values that ranged from 0.0007 to 0.015 substitutions per site. The median diversity for subject 037 ranged from 0.00068 to 0.0085 substitutions per site.
One pattern shared by all subjects was low genetic diversity during early acute infection, as exemplified by subject 147 (Fig. 6C) . The three time points analyzed for this subject were within 1, 5, and 7 months after the estimated infection date, and the median HCV genetic diversity during this time ranged from 0.00069 to 0.002 substitutions per site. Similar values were observed for other subjects during acute infection. Thus, the transition to chronic infection among the four MSM was accompanied by an increase in viral genetic diversity.
Another common pattern among subjects was the fluctuation in HCV genetic diversity during chronic infection, which has been observed in other longitudinally sampled HCV patients (28, 32) . To verify that procedural artifacts did not cause these fluctuations, clonal sequences of a 560-nt E2 fragment of three samples were analyzed (data not shown). The IQR of the genetic diversity from the clonal sequences overlapped those from the CCS reads, indicating that these fluctuations were not artifacts.
In vitro recombination analysis. Homology-mediated recombination during reverse transcription (RT) and PCR has the potential to influence the results of gene sequence analysis. This has become evident with the large number of sequences generated by NGS techniques (22) . In an effort to estimate the level of homologous recombination in a similar experimental setup, we performed a marker exchange experiment. A recombination event in this experiment could result in a chimeric sequence containing either both 5= and 3= marker mutations or both 5= and 3= unmutated sequences. In total, 10,541 reads with at least 7 full passes and the correct 5= and 3= sequences were retrieved. In 3,137 reads (29.8%), evidence for recombination was observed. In 11.9% of the reads, the two marker mutations were combined, and in 17.9% of the reads, the two original sequences were combined.
Despite using parameters identical to those used for the data sets with the patients' samples, the error rate was slightly higher (1.3%), underlining the run-to-run variation in NGS experiments.
DISCUSSION
Longer read lengths, greater sequencing depth, and lower error rates increase the potential of studies addressing the variation of highly heterogeneous RNA virus populations. This study demonstrates the feasibility and suitability of PacBio SMRT sequencing for generating full-length HCV envelope sequences. The high intrinsic error rate of the platform can be reduced by including only consensus sequences inferred by using 7 or more full CCS passes, by applying a downstream bioinformatics pipeline that corrects for insertions, and by taking potential high in vitro recombination frequencies into consideration. Phylogenetic analysis confirmed a close genetic relationship among the genotype 4d viruses isolated from the five studied subjects. In addition, for each subject, we observed a star-like phylogeny shortly after transmission, low genetic diversity during acute infection, and fluctuations in sample genetic diversity and transient lineage coexistence during chronic infection. The viral E1E2 envelope, harboring HVR1, is the most genetically variable region of the HCV genome (34) . The high error rate of SMRT sequencing makes it especially challenging to distinguish true biological variation from sequencing errors in this region, even with sophisticated bioinformatics algorithms (10) . Multiple passes of CCS effectively reduced the error rate but came at the cost of lower numbers of complete sequences. For downstream analysis, we used CCS reads inferred from at least 7 full CCS passes, which generated a median of 612 reads per sample. Despite this depth being in the lower range of those of most NGS technologies, it was sufficient to capture the within-host dynamics of viral genetic diversity and divergence in great detail. Moreover, with this number of full passes, the error rate was 0.37%, which is well below the general accepted error rate of 1% for NGS technologies (19) .
Insertions were the main mode of error in all full CCS passes, followed by deletions and mismatches, respectively. A similar error profile was reported by others using the SMRT sequencing technology (17, 20) . Mismatches were our main concern, as they could lead to an overestimation of the number of genetic differences among sequences. However, with 7 full CCS passes, the mismatch rate was 0.02%, implying that in theory, only 2 out of 10,000 sequenced nucleotides would be incorrect. Even though the insertion rate was low (0.24%) with 7 or more full CCS passes, parts of the unprocessed alignments were distorted, which would have obstructed downstream analysis. It was therefore necessary to correct for these insertions, which we did by using a sample-specific reference (SSR), a well-established method utilized by others (17, 20, 22, 35) .
Despite using a sample-specific reference sequence and exploring several alignment algorithms and scoring parameters (data not shown), we recognize that errors may still be introduced into the CCS read sequence if the alignment algorithm mistakes a real single nucleotide polymorphism (SNP) for an insertion, resulting in the removal of the wrong base, a problem also described previously by Carneiro et al. (17) . We investigated the scope of this error by inspecting the amino acid alignment and found that the majority of gaps and stop codons in the amino acid alignments were within HVR1. Due to the extensive variation in HVR1, combined with the amount of insertions, it might not be feasible to increase the accuracy of the alignment for this region (36) . However, frequencies of the gaps and stop codons were extremely low (0.31% and 0.006%, respectively) and therefore unlikely to have meaningfully affected downstream analysis.
Although a recent study that sequenced the envelope genes of two different HIV clones estimated that the PCR recombination rate was only 0.46 to 0.85% (37) , in vitro RT and PCR recombination rates of ϳ 30% were reported previously (22, 38) . In our experimental setup, we found a similarly high recombination rate. The experimental conditions in the recombination control experiment were similar to those for the patient sample data set, but there were small differences that may have influenced the recombination efficiency. First, the primer used for the reverse transcription reaction was different, since the primer used for the patient samples was located in the extreme 3= end of the viral genome, a region not present in our control plasmids. A second difference was that in the control experiment, there were only two almost identical sequences with marker mutations in the extreme 5= and 3= ends. This 100% identity over a length of 1,687 nucleotides in all available RNA templates could be more favorable for homology-mediated recombination.
Whatever the true rate of recombination during our sequencing of patient samples, it does not appear to have significantly influenced the resulting phylogenetic and evolutionary conclusions. Importantly, we observed key patterns of HCV within-host evolution that were noted by previous studies using different sequencing platforms. These patterns include the detection of multiple lineages during chronic infection, which are intermittently observed. Moreover, the within-host phylogenies and the fluctuations in genetic diversity in each patient closely agree with data from a recent comparative analysis of within-host HCV and HIV evolution (28) . Also, the known transmission events are inferred correctly, and the times to most recent common ancestor match the known dates of infection well (data not shown). The genetic variation in each sample might be overestimated due to artificially generated recombinant sequences, but the overall conclusion that, shortly after transmission, there is a close genetic relationship between the viruses isolated from these five subjects, and the diversification of the E1E2 region during progression to chronicity remains the same.
The among-host phylogeny (Fig. 3) supports our previous findings, using direct sequencing of a smaller fragment of the E2 gene, of a cluster of closely related viruses among the four MSM subjects (24) . The additional time points analyzed here demonstrate the diversification of the E1E2 region in each of the four subjects, reflecting the selective pressure of host immune responses on the envelope sequences (39) . Furthermore, the intermingling of sequences from subjects 053 and 061 at early infection time points was not previously detected with direct sequencing of E2 gene fragments. Although the branch support values for clustering were low, likely caused by the genetic similarity of reads at early time points, this intermingling was not observed for other subjects and other time points and supports the hypothesis that subjects 053 and 061 form a transmission pair. Despite the fact that the NJ phylogeny on its own cannot resolve the direction of transmission or account for the participation of unsampled subjects (40), the event of transmission from male subject 004 to his female partner, subject 147, was confirmed by the physician's report. Although documented hetero-sexual transmission of HCV is rare (41) , transmission between these two subjects may have been facilitated by the fact that the couple was HIV-1 positive and reported anal intercourse. These factors may have increased the risk of heterosexual transmission of HCV.
Compared to HIV-1, transmitted founder HCVs have been less intensively investigated, but similar to HIV-1, they may have important implications for vaccine design and therapeutic interventions (25, 27, 42) . The star-like phylogeny and low genetic diversity among strains sampled early in infection indicate a transmission bottleneck and that one transmitted founder virus established the infection (35) . Other studies reported either low numbers (between 1 and 6 [7, 26, 43, 44] ) or high numbers (up to 37 [25] ) of transmitted founder viruses. The limited sequencing resolution (i.e., low variability in the sequenced region or short sequences) could potentially underestimate the number of transmitted founder viruses. Here, even with comparatively long HCV envelope sequences and greater sequencing depth, our results suggest that in all five subjects, only one transmitted founder virus established infection.
In general, progression toward chronic infection was characterized by increases in genetic diversity, divergence, and the number of cocirculating lineages, but these values varied widely among subjects. Early lineages that emerged shortly after transmission were replaced within 2 to 3 years, which may be explained by immune pressure (e.g., neutralizing antibodies) causing dynamic changes in the viral population (45, 46) . New lineages that emerged at different time points, a pattern that was observed throughout chronic infection, could reflect ongoing viral escape from neutralizing antibodies (39, 47, 48) . However, some lineages persisted but were undetected for certain periods of time. Cell-to-cell transmission would allow HCV to spread without being exposed to humoral immune responses, and this provides a possible explanation as to why lineages coexist during HCV infection without going extinct (49, 50) . The presence of these lineages resulted in a structured phylogeny containing long internal branches. This complex pattern of within-host envelope gene evolution during chronic HCV infection supports the findings of previous studies (32, 51, 52) that used sequencing technologies with a lower depth. Here, we show that even with a greater sequencing depth, not all HCV lineages are detected at all times, which is consistent with the hypothesis of compartmentalization in the liver or in extrahepatic tissues giving rise to distinct HCV subpopulations (53) (54) (55) (56) (57) .
Conclusions. Greater numbers of sequences and longer read lengths can significantly increase the resolution and statistical power of evolutionary and molecular epidemiological analyses of highly variable RNA virus genomes, such as those of HCV. When appropriate bioinformatics quality control is used and potential in vitro recombination is taken into account, SMRT sequencing can provide both and enhances insight into the within-and among-host dynamics of HCV.
MATERIALS AND METHODS
Subjects and sample selection. The four male subjects were selected on the basis of a close genetic relationship between their HCV genotype 4d sequences, as observed in a previous study (24) . The fifth, female subject was enrolled because personal communication with her physician revealed that she and subject 004 were a couple and formed a possible transmission pair. Two subjects were participants of the MSM Observational Study of Acute Infection with Hepatitis C (MOSAIC) study, and one was a participant of the Amsterdam Cohort Studies (ACS) (58, 59) . Ethical approval was granted through these cohorts. The study was performed according to the Dutch FEDERA (https://www.federa.org/) code of conduct for responsible use of human tissue and medical research (2011). Samples were selected as follows: within the first year of infection, at least 4 samples were selected, starting with the first available HCV RNA ϩ sample. After the first year, one sample for each year of infection was selected. The date of infection was estimated by calculating the midpoint between the date of the last HCV RNA Ϫ sample and the first RNA ϩ sample.
RT-PCR and SMRT sequencing. HCV RNA was extracted with a QIAamp viral RNA minikit (Qiagen) from 140 l plasma or serum. An RT reaction was performed with poly(A) primers to target the poly(U) stretch in the HCV 3= untranslated region (UTR) and Superscript III (Invitrogen). Target-specific forward PCR primer 840F (5=-acactgacgacatggttctacaGGTTGCTCYTTYTCTATCTTCC-3= [the PacBio tail adaptors are in lowercase type]) and reverse primers 2579R (5=-tacggtagcagagacttggtctTGCYTCGACCTGCGMAACCA-3=) and 2579R(2) (5=-tacggtagcagagacttggtctCGCCTCRACYTGASNYACCA-3=) were used for amplification by using the FastStart High Fidelity PCR system (Roche Applied Science). The final amplification product was 1,778 nt and spanned the full length of the E1E2 region. In cases of insufficient amplification, nested PCR was performed with an outer primer set consisting of forward primer GEN1.F1 (5=-CAAGACTGCTA GCCGAGTAGTGTTGGGTCG-3=) and reverse primer GEN4.R1 (5=-TCGGGCAYGRGACAYGCTGTGATAAATG-3=) and the same inner primer set as the one described above. Amplification products were purified from a 0.8% agarose gel.
A control plasmid was constructed from one genotype 4d clone by using the same primer set as that described above. One aliquot of this amplification product was directly sequenced by using standard techniques on a capillary DNA sequencing instrument (Applied Biosystems). The other aliquot was prepared for SMRT sequencing.
Single-molecule, real-time sequencing. The purified amplification products were sent to KeyGene NV, Wageningen, the Netherlands, for SMRTbell library preparation and sequencing according to the manufacturer's protocols for the PacBio RS II system (Pacific Biosciences). Briefly, barcode sequences were incorporated by PCR, and the products were AMPure (Beckman Coulter) purified. End repair and ligation of universal hairpin adaptors were performed. Four SMRT cells were used to sequence 50 amplicon libraries from the subjects, and in each SMRT cell, the amplification product of the control plasmid was included. SMRT sequencing was performed by using P4-C2 chemistry. The raw reads were separated by barcode, and CCS reads from 1 to 7 full passes were generated by using SMRT analysis tools version 2.2.0.
Analysis of in vitro recombination. To investigate the potential for recombination during reverse transcription and PCR, we constructed two plasmids with 5-nt marker mutations consisting of two substitutions and three insertions at either the 5= (original sequence, CC---; mutant sequence, AATGT) or 3= (original sequence, AAGTG---; mutant sequence, CCGTGGATntentϾ) end of an otherwise identical E1E2 sequence (1,687 nt). In vitro RNA was synthesized by T7 transcription using the MEGAscript T7 kit (Thermo Fisher) according to the manufacturer's instructions. In vitro transcripts were DNase I treated, purified, and quantified by absorbance spectrophotometry. A mixture of 1 ϫ 10 6 RNA copies of each mutant was subjected to essentially the same (first-round) amplification protocol as the one for RNA derived from patient plasma samples, with the exception of the use of HCV-specific primer 2579R (5=-TGCYTCGACCTGCGMAACCA-3=) for reverse transcription. The amplicons with the marker mutations were SMRT sequenced in a separate run by using parameters identical to those used for the patients' samples. Recombination was inferred if a sequence combined both the 3= and the 5= marker mutations or both the original sequences. The marker mutations were detected by using bash scripts.
Circular consensus read processing. Sequencing error rates (insertions, deletions, and mismatches) per full CCS pass were calculated by comparing the CCS reads of the control plasmid with the sequence from Sanger sequencing. Because insertions distorted the nucleotide sequences, we developed a pipeline to remove these insertions. The processing pipeline was constructed by using Python scripts, Biopython, and the R Bioconstructor package Biostrings (60, 61) and is available upon request. Briefly, CCS reads with at least 7 full passes in the reverse-complement orientation were converted to the forward orientation. An SSR sequence was then generated by aligning the reads of each sample using MUSCLE (62) , and columns containing Ͼ50% gaps were deleted. Consensus sequences were generated from this alignment and, if needed, manually edited to obtain the correct reading frame. Each read from a given sample was then pairwise aligned against its corresponding SSR, and insertions with respect to this SSR were removed. The resulting reads were 1,680 nt long (primers trimmed and in frame) and spanned nucleotide positions 876 to 2558 relative to the H77 reference strain (GenBank accession number NC_004102). Translated amino acid sequences were manually inspected by using Sea View (63) . Reads with a remaining distorted open reading frame were removed (these comprised fewer than 9 reads per sample). The read frequencies of each unique nucleotide sequence, which we refer to as read variants, were calculated and stored in the read name.
Phylogenetic methods. NJ trees were reconstructed by using the Kimura 2-parameter model plus gamma rate heterogeneity as implemented in MEGA v6 (64) . Subsets of the full data set were created by randomly sampling 100 CCS reads without replacement from each time point from each subject. For the among-host NJ phylogeny (Fig. 2) , all subsets were combined to create a data set containing 5,000 CCS reads. Statistical support for phylogenetic topology was assessed by using 100 NJ bootstrap replicates. For each subject, a separate NJ phylogeny was reconstructed from sequences from all time points; if the sequences of the CCS reads from the same time point were identical, they were collapsed into a unique sequence. Phylogenetic trees were annotated by using FigTree v1.4 (http://tree.bio.ed.ac.uk/) and custom-made Java scripts.
Pairwise distance methods. To assess nucleotide diversity at each time point for each subject, the pairwise distance among reads was calculated by using the R package ape (65) under the Kimura 2-parameter substitution model. Accession number(s). The E1E2 CCS reads are available in the NCBI Sequence Read Archive database (http://www.ncbi.nlm.nih.gov/sra/) under study accession number SRP095432.
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